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Abstract

Global climate change is predicted to cause range shifts in the mosquito

species that transmit pathogens to humans and wildlife. Recent modeling stud-

ies have sought to improve our understanding of the relationship between

temperature and the transmission potential of mosquito-borne pathogens.

However, the role of the vertebrate host population, including the importance

of host behavioral defenses on mosquito feeding success, remains poorly

understood despite ample empirical evidence of its significance to pathogen

transmission. Here, we derived thermal performance curves for mosquito and

parasite traits and integrated them into two models of vector–host contact to

investigate how vertebrate host traits and behaviors affect two key thermal

properties of mosquito-borne parasite transmission: the thermal optimum for

transmission and the thermal niche of the parasite population. We parameter-

ized these models for five mosquito-borne parasite transmission systems, lead-

ing to two main conclusions. First, vertebrate host availability may induce a

shift in the thermal optimum of transmission. When the tolerance of the verte-

brate host to biting from mosquitoes is limited, the thermal optimum of

transmission may be altered by as much as 5�C, a magnitude of applied signifi-

cance. Second, thresholds for sustained transmission depend nonlinearly on

both vertebrate host availability and temperature. At any temperature,

sustained transmission is impossible when vertebrate hosts are extremely

abundant because the probability of encountering an infected individual is

negligible. But when host biting tolerance is limited, sustained transmission

will also not occur at low host population densities. Furthermore, our model

indicates that biting tolerance should interact with vertebrate host population

density to adjust the parasite population thermal niche. Together, these results

suggest that vertebrate host traits and behaviors play essential roles in the ther-

mal properties of mosquito-borne parasite transmission. Increasing our under-

standing of this relationship should lead us to improved predictions about

shifting global patterns of mosquito-borne disease.
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INTRODUCTION

Global climatic warming is predicted to cause significant

shifts in the geographic distributions and abundances of

important vectors of pathogens of humans and wildlife, such

as malaria (Plasmodium falciparum) (Ryan et al., 2020) den-

gue (DENV), zika (ZIKV), and chikungunya viruses

(Ciota & Keyel, 2019; Mordecai et al., 2017; Ryan

et al., 2019; Tesla et al., 2018) and West Nile virus (WNV)

(Shocket et al., 2020). Additionally, emerging mosquito-

borne diseases are an increasing threat to human

populations (Jones et al., 2008; Ryan et al., 2019). A more

robust understanding of where mosquitoes and their zoo-

notic pathogens are likely to spread can better prepare

policymakers and public health organizations to manage

and mitigate the public health burden caused by these zoo-

noses (Daszak et al., 2000; Laporta et al., 2015; Messina

et al., 2016, 2019).

The question of whether and where climate change is

most expected to alter mosquito-borne disease risk remains

open (Ciota & Keyel, 2019; Franklinos et al., 2019;

Ogden, 2017). Several recent theoretical studies have

sought to improve our understanding of the relation-

ship between temperature and the transmission poten-

tial of mosquito-borne pathogens (Brady et al., 2014;

Johnson et al., 2015; Mordecai et al., 2013, 2017, 2019;

Ngonghala et al., 2021; Okuneye & Gumel, 2017;

Robert et al., 2019; Rohr & Cohen, 2020; Shocket

et al., 2020; Tesla et al., 2018; Villena et al., 2020).

Throughout, we use the term “parasite” to refer gener-

ally to eukaryotes (such as Plasmodium malaria), bac-

teria, and viruses that are transmitted by mosquitoes to

a vertebrate host. These studies typically view the basic

reproduction number of the system, R0, as a measure of

the thermal performance of the parasite population. R0

is defined as the average number of new infections pro-

duced by a typical infectious individual over the course of

their infectious period in a completely susceptible popu-

lation (Diekmann et al., 1990). A considerable body of

work has focused on estimating quantities that describe

mosquito and parasite thermal biology, specifically the

optimal temperature for transmission and the tempera-

ture ranges in which mosquito and parasite populations

persist (Ciota & Keyel, 2019; Gething et al., 2011;

Mordecai et al., 2013, 2017, 2019; Ngonghala et al., 2021;

Ryan et al., 2019; Shocket et al., 2020; Tesla et al., 2018;

Villena et al., 2020). Other studies have emphasized the

temperature dependence of host and parasite interactions

(Cohen et al., 2020; Rohr & Cohen, 2020). Studies indi-

cate that, while some regions may experience decreased

risk from mosquito-borne pathogens under future climate

scenarios, global mosquito-borne disease transmission is

nonetheless predicted to increase, and areas that are cur-

rently free of transmission may be invaded (Mordecai

et al., 2017; Ryan et al., 2019). Understanding the links

between temperature and mosquito-borne pathogen trans-

mission is therefore essential for preparing for regional

shifts in the patterns of mosquito-borne disease risk.

Instead of calculating R0 directly, most theoretical

studies have relied on relative transmission measures

that ignore traits of the vertebrate host. For instance, vec-

torial capacity, normalized basic reproduction numbers,

and relative basic reproduction numbers obtained from

the traditional Ross–Macdonald model are commonly

used to quantify the effects of temperature on transmis-

sion (Gething et al., 2011; Johnson et al., 2015; Mordecai

et al., 2017, 2019; Reiner Jr et al., 2013). These relative

transmission measures are used because they require

only mosquito and parasite parameters, which can be

estimated from data collected in laboratory or field stud-

ies (Smith et al., 2012, 2014).

But a useful property of the basic reproduction num-

ber is that it is a threshold parameter: When R0 exceeds

one, parasite invasion and the sustained transmission of

parasites within a community are predicted to occur

(Diekmann et al., 1990; van den Driessche & Watmough,

2002). While relative measures, like vectorial capacity,

may express the relative risk of parasite invasion, they do

not tell us whether a higher risk of invasion is also

predicted to lead to outbreaks (i.e., R0 >1). When verte-

brate host traits are incorporated into models, R0 can be

calculated directly and retains its utility as an outbreak

threshold.

These past studies have also ignored the role of host

availability on transmission. In the context of mosquito

blood meal seeking, host availability refers to both the

abundance of hosts (which overlap geographically and

temporally with the mosquito population) and their toler-

ance to being bitten by mosquitoes (i.e., their willingness

or ability to engage in defensive behaviors) (Yan

et al., 2021). Epidemiological models of mosquito biting

have generally ignored vertebrate host availability,
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despite ample empirical evidence of its importance to

mosquito feeding success (Darbro & Harrington, 2007;

Edman et al., 1972; Edman & Kale, 1971; Edman &

Scott, 1987; Klowden & Lea, 1979; Walker & Edman,

1986). For example, it is known that vertebrate host

defensive behaviors can increase opportunities for trans-

mission by inducing multiple blood feeding in mosqui-

toes (Davies, 1990; Klowden & Lea, 1979). On the other

hand, defensiveness can lead to mortality in mosquitoes,

which in turn might reduce transmission (Anderson &

Roitberg, 1999; Lyimo et al., 2012). There are several

other mechanisms by which vertebrate host defensive

behaviors can affect interspecific encounter rates, which

we outline in a subsequent section of this paper.

These issues are not merely of academic interest. The

empirical evidence that host availability significantly

affects the relationship between temperature and parasite

transmission is accumulating (Li et al., 2021; Liu

et al., 2020; Nguyen et al., 2021; Nova et al., 2021). Using

time-series case data from San Juan, Puerto Rico, Nova

et al. (2021) found that the size of the susceptible human

population altered the relationship between temperature

and dengue incidence. Their study showed that when

susceptible population density was low, temperature had

no effect on dengue incidence, but when susceptible density

was high, dengue incidence increased with temperature. In

a snail–Schistosoma–human transmission system, Nguyen

et al. (2021) found that reducing snail populations (either

directly or by reducing their carrying capacity) led to an

increase in the optimal temperature for transmission of

greater than 1�C. More directly related to this study,

research into the effect of climate on dengue outbreaks has

shown that population density and temperature interact to

drive incidence (Liu et al., 2020) and that the combination

of these two variables is a stronger driver of incidence than

the two variables considered independently (Li et al., 2021).

Because of this empirical evidence for a relationship

between host availability and vector-borne parasite trans-

mission, we sought to better understand how host avail-

ability could affect two properties of transmission: the

transmission thermal optimum Topt, the temperature at

which transmission is optimized, and the parasite popu-

lation thermal niche, the range of temperatures at which

parasite transmission is sustained (Huey & Stevenson,

1979; Huxley et al., 2022). To evaluate the role of verte-

brate host behavior, we considered two cases: (1) limited

and (2) unlimited tolerance to being bitten by mosqui-

toes. In the first case, vertebrate hosts engage in effective

defensive behavior that places an upper bound on the

rate at which they are bitten. To model limited biting tol-

erance, we used the Chitnis dynamic contact rate model

(Chitnis et al., 2006; Thongsripong et al., 2021). The sec-

ond case was modeled using the contact rates from the

standard Ross–Macdonald model (Smith et al., 2012). We

then parameterized these models for five mosquito-borne

parasite systems: Aedes aegypti–DENV, Ae. aegypti–ZIKV,

Ae. albopictus–DENV, Anopheles gambiae–Plasmodium

falciparum, and Culex quinquefasciatus–WNV. Following

previously established methods, we derived thermal per-

formance curves (TPCs) of mosquito and parasite traits

from laboratory data to parameterize each of these sys-

tems (Johnson et al., 2015). For each system, we calcu-

lated the thermal optimum for transmission and parasite

population thermal niche across a gradient of vertebrate

host availability, varying both the population density and

the biting tolerance of the vertebrate host.

Our analysis yielded two main conclusions. First, the

thermal optimum of transmission may shift as vertebrate

host availability increases. At low vertebrate host popula-

tion densities, limited biting tolerance led to Topt being

altered by as much as 5�C compared to the unlimited bit-

ing case. The magnitude and direction (warmer or cooler)

of this change depended on the system, with the Aedes

albopictus–DENV and An. gambiae–malaria systems

showing the largest shifts. Second, the parasite popula-

tion thermal niche and vertebrate host population

density thresholds are interdependent: Changes in temp-

erature can elicit shifts in the vertebrate host population

density thresholds and changes in vertebrate host popula-

tion density affect the parasite population thermal niche.

At any temperature, sustained transmission is impossible

when vertebrate hosts are extremely abundant. When bit-

ing tolerance is limited, sustained transmission cannot

occur at low vertebrate host population densities as well

as at very high densities. In the case of unlimited biting

tolerance, the parasite population thermal niche is

broadest when vertebrate hosts are very rare. But when

biting tolerance is limited, the thermal niche is instead

narrow or nonexistent when hosts are rare. These results

suggest that there is a previously unexplored relationship

between vertebrate host traits and the thermal proper-

ties of mosquito-borne parasite transmission. Combined

with forecasts of future climate change, improving our

understanding of this relationship may lead us to more

realistic predictions of the shifting global patterns of

mosquito-borne disease risk.

BACKGROUND: HOST DEFENSIVE
BEHAVIORS, MOSQUITO BLOOD
FEEDING, AND PARASITE
TRANSMISSION

Although a rich early literature investigated the effects of

host defensive behaviors on mosquito blood feeding, this

knowledge is absent from modern transmission models
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(Reiner Jr et al., 2013; Smith et al., 2012). Here we

provide a brief survey of key empirical findings.

Behavioral defenses against mosquito
blood feeding

Insect bites cause pain, blood loss, infection, and disease

in vertebrates, leading many vertebrate species to engage

in defensive behaviors that limit their contact with biting

insects (Edman & Scott, 1987). Behavioral defenses work

in tandem with immunological and physiological forms of

resistance and operate as the first line of defense against

parasites (Hart, 1994). Defensive behaviors include swatting

with tails or limbs, snapping or biting with bills or jaws,

shaking or stamping of limbs, and movement and may vary

by species, size, age, individual, or health status (Edman &

Kale, 1971; Edman & Scott, 1987). Body size is an important

determinant of both the degree of defensiveness and the

effectiveness of defensive behavior: Smaller animals tend to

have the strongest defenses (possibly because they suffer

more from the effects of biting), while larger animals tend

to be more tolerant of mosquito biting (Edman et al., 1974;

Edman & Scott, 1987).

Triggers for host engagement in defensive
behavior

Behavioral defenses can be costly to animals because they

detract from their ability to forage or to evade predators.

For example, the pausing and freezing behaviors used by

Eastern chipmunks (Tamias striatus L.) to evade detec-

tion by predators are less effective when chipmunks

engage in the more active movements necessary for

behavioral defense against mosquito biting (Cully Jr

et al., 1991; Walker & Edman, 1986). Because of the costs

associated with behavioral defenses, animals may not be

constantly vigilant against mosquito biting and may

instead choose to initiate defensive behaviors once mos-

quito biting intensity reaches a threshold. The few studies

that have measured these defensive behaviors found that

defensive activity generally increased with mosquito den-

sity, but the nature of the relationship between defense

and mosquito density has been largely unexplored (Cully

Jr et al., 1991; Walker & Edman, 1986).

Impacts of defensive behaviors on
mosquito blood feeding

Defensive behaviors have various effects on the

blood-feeding cycle of mosquitoes. These behaviors

reduce the rate at which an individual vertebrate is bitten

by a mosquito (thereby lowering their risk of infection with

a mosquito-borne parasite) (Hart, 1994). But defensive

behaviors may also interrupt blood feeding, requiring that a

mosquito make multiple attempts to obtain a full blood

meal (Edman & Scott, 1987; Klowden & Lea, 1979; Reid

et al., 2014). This increase in blood meals per gonotrophic

cycle can then, in turn, lead to an increase in the overall

parasite transmission rate (Davies, 1990; Klowden &

Lea, 1979). Even if blood feeding is interrupted before the

mosquito punctures the host blood vessel, pathogen trans-

mission is still possible for several arboviruses that may be

transmitted extravascularly, including WNV, St. Louis

encephalitis virus, and Venezuelan equine encephalitis

virus (Styer et al., 2007; Turell et al., 1995).

Host defensive behaviors also affect measurements of

the host specificity and feeding preferences of mosqui-

toes. Blood meal analyses are commonly used to illuminate

mosquito preferences for specific host species (Hamer

et al., 2009; Kilpatrick et al., 2006). Edman, Webber, and

Schmid found that mosquitoes are biased toward feeding

on the most tolerant host (Edman et al., 1974). They warn

that “attraction is not tantamount to feeding,” imploring

researchers to recognize that host defensive behaviors also

play a role in determining feeding ratios (Edman

et al., 1974; Edman & Kale, 1971). For example, if a mos-

quito is unsuccessful in initiating blood feeding due to the

behavioral defenses of the host, the signature of that host

will not appear in blood meal analyses. Therefore, even if a

mosquito species were attracted to a defensive host species,

blood meal analyses might not be able to measure the level

of attraction.

Mosquitoes may be persistent in their biting even

when hosts engage in defensive behaviors. This biting

persistence varies by species and depends on the body

size, energy state, and relative prior blood intake of the

mosquito (Anderson & Brust, 1995; Davies, 1990; Reid

et al., 2014). For example, whereas some species will

cease blood feeding immediately upon a host engaging in

defensive behavior, an Aedes sollicitans mosquito will not

separate from the host until repletion, the volume

of blood at which the mosquito freely stops feeding

(Klowden & Lea, 1979). There is a cost to persistence,

however: Host behavioral defenses may injure mosqui-

toes and lead to their death (Anderson & Roitberg, 1999;

Lyimo et al., 2012).

Host defensive behaviors and parasite
transmission

Infected hosts may engage in fewer defensive activi-

ties making them easier targets for mosquito blood

4 of 25 DAHLIN ET AL.



feeding (Edman, 1989). This in turn increases the

probability that a susceptible mosquito will make contact

with an infected host and become infected. Likewise,

infected mosquitoes may be less persistent in the face of

host behavioral defenses, thereby increasing the number

of contacts with distinct hosts in order to feed to repletion

within a single gonotrophic cycle (Edman & Spielman,

1988). This behavior may increase the transmission rate of

parasites by causing more contacts between vertebrate

hosts and infectious mosquitoes.

Modeling host defensive behavior

In models, mosquito–host contact is generally repre-

sented through two interspecific contact rates: the mos-

quito contact rate (bites performed by an individual

mosquito per unit time) and the host contact rate (bites

received by an individual vertebrate per unit time)

(Thongsripong et al., 2021). The form of contact needed

for mosquito-borne parasite transmission depends on the

direction of transmission. Successfully ingesting a blood

meal, at least partially, is necessary for transmission from

a vertebrate host because parasites tend to colonize their

blood (Chamberlain & Sudia, 1961; Thongsripong

et al., 2021). But transmission to a vertebrate host typi-

cally only requires that the mosquito probe the vertebrate

host’s skin because parasites colonize the salivary glands

of mosquitoes (Chamberlain & Sudia, 1961; Graumans

et al., 2020; Thongsripong et al., 2021).

Several factors affect mosquito and host contact rates.

The mosquito contact rate is primarily determined by

the rate at which mosquitoes proceed through their

gonotrophic cycle and is limited by host abundance and

the ability of the mosquito to detect and feed on hosts

undisturbed (Scott & Takken, 2012). The host contact

rate is determined by the population density and feeding

rate of mosquitoes and is limited by the behavioral

defenses of the host. The overall contact rate (the total

number of bites in the host–mosquito system per unit

time) should therefore depend on the traits, behaviors,

and abundances of both the mosquito and the host.

We denote the mosquito contact rate by bV and the

host contact rate by bH. The maximum mosquito contact

rate and maximum host contact rate are denoted by σV

and σH, respectively. The mosquito and host population

densities are denoted by V and H, respectively. The for-

mulation used for the interspecific contact rates is deter-

mined by whether vertebrate host biting tolerance is

(1) limited, as in the Chitnis dynamic contact rate model,

or (2) unlimited, as in the Ross–Macdonald model

(Chitnis et al., 2006; Reiner Jr et al., 2013; Thongsripong

et al., 2021). While we focus on these two models, they

are not the only ways of modeling the effect of host biting

tolerance on the contact rates between biting flies and

their hosts (Haufe, 1987). We chose to focus on the

Chitnis model because it is quite similar to the

Ross–Macdonald model (incorporating only one addi-

tional parameter) and has been used to model several sys-

tems of mosquito-borne parasite transmission (Chitnis

et al., 2006, 2013; Manore et al., 2014, 2017).

For the Chitnis dynamic contact rate model (Chitnis

et al., 2006), the contact rates are given by

bV ¼ σV
σHH

σHH + σVV

� �

, ð1Þ

bH ¼ σH
σVV

σHH + σVV

� �

: ð2Þ

This model has been used to explore the dynamics of

malaria (Chitnis et al., 2006), Rift valley fever (Chitnis

et al., 2013), dengue, zika, and chikungunya (Manore

et al., 2014, 2017). In this model, σH represents the biting

tolerance threshold, which serves as an upper limit to the

vertebrate host biting rate, bH (Thongsripong et al., 2021).

The host contact rate bH approaches σH when the biting

pressure of mosquitoes (σVV ) is high or when the verte-

brate host population density (H) is low. Similarly, the

mosquito contact rate bV approaches its maximum, σV,

when the vertebrate host availability (σHH) is high or

when the mosquito population density (H) is low.

In the case of unlimited biting tolerance, vertebrate

hosts tolerate any level of biting by mosquitoes. The con-

tact rates in this case are obtained by taking the limit of

the contact rates (2) and (1) as the biting tolerance, σH,

approaches infinity. Equations (3) and (4) then give the

contact rates for this case:

bRMV ¼ lim
σH!∞

bV ¼ σV, ð3Þ

bRMH ¼ lim
σH!∞

bH ¼ σV
V

H

� �

, ð4Þ

where the superscript “RM” is used to indicate that these

contact rates are identical to those commonly used in the

Ross–Macdonald model (Smith et al., 2012, 2014). The

Ross–Macdonald contact rate model is therefore a special

case of the Chitnis dynamic contact rate model. Note that,

in many cases, modelers assume that the ratio of mosquito

and host abundances, V=H, is a fixed constant, m (Reiner

Jr et al., 2013; Smith et al., 2012). In this case, the vertebrate

host biting rate, bRMH , is, unrealistically, unbounded when

the vertebrate host population density, H, decreases to zero.
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Figure 1 illustrates how the interspecific contact rates

of the Chitnis and Ross–Macdonald models differ with

respect to mosquito and host population densities. In the

Ross–Macdonald model, the mosquito contact rate is

constant (Figure 1a,b, blue line). In contrast, the

mosquito contact rate in the Chitnis dynamic model

exhibits a saturating increasing and decreasing rela-

tionship to host and mosquito population densities,

respectively (Figure 1a,b, pink line). In both models,

the host contact rate (Figure 1c,d) is inversely propor-

tional to host population density and directly pro-

portional to mosquito population density. But in the

Ross–Macdonald model, the host contact rate is

unbounded as host density approaches zero (Figure 1c,

blue line).

METHODS

Model

To examine the relationship between the traits of the

mosquito vector, vertebrate host, and parasite to the

transmission potential of the system, we created a core

compartmental model of mosquito-borne parasite trans-

mission (Figure 2). In all of the following equations,

temperature-dependent quantities are indicated as func-

tions of temperature, T (i.e., p¼ p Tð Þ). The system is

divided into populations of vertebrate hosts (labeled with

subscript H) and mosquitoes (labeled with subscript V).

The full description of the model formulation is given in

Appendix S1.
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(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)(d)

10

20

30

40

1 10 100 1000

Mosquito population density

Transmission model Chitnis dynamic Ross−Macdonald

F I GURE 1 Comparison of Chitnis dynamic contact rate and standard Ross–Macdonald contact rate models. In the left columns,

mosquito population is held constant, while in the right columns host population density is held constant. Upper panel: In the

Ross–Macdonald model, the mosquito biting rate is constant with respect to both host and mosquito population density (a and b, blue lines)

while in the Chitnis model mosquito biting increases with host population density (a, red curve) and decreases with mosquito population

density (b, red curve). Lower panels: The relationships between the number of bites that a host receives per day and host and mosquito

densities diverge at low host population densities (c) and, to a lesser extent, at high mosquito densities (d). For plots (a) and (c), mosquito

population density is fixed at 1000 individuals per square kilometer. For plots (b) and (d), host population density is fixed at 10 individuals

per square kilometer. Maximum mosquito biting rate is 0.45 bites per mosquito per day and maximum host biting rate is 100 bites per host

per day. Mosquito and host population densities are plotted on a logarithmic scale.
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The demographic model for the vertebrate hosts fol-

lows a logistic equation with carrying capacity KH and

intrinsic growth rate »H − ¼H. Vertebrate hosts are fed

upon by mosquitoes at the per-capita host contact rate,

bH, as described earlier. If a susceptible vertebrate host

(SH) comes into contact with an infected mosquito

(which occurs with probability IV=V ), then the vertebrate

host will become infected with probability ³H. Infectious

hosts (IH) move to the recovered compartment (RH) at

the per-capita recovery rate ´H and remain immune for

the remainder of their lives. The total vertebrate host

population is denoted by H¼ SH + IH +RH.

Susceptible mosquitoes (SV) are recruited at the rate

»V Tð Þ. To incorporate temperature-dependent traits of

immature mosquitoes, we derived »V Tð Þ from a

submodel of immature mosquito population dynamics

following Agusto et al. (2015). We compute »V Tð Þ by

assuming that the immature mosquito equation is at a

positive equilibrium. As a modification of past models

parameterized from TPCs (Mordecai et al., 2013; Parham

& Michael, 2010), this recruitment model accounts for

the fact that the total egg recruitment rate depends on

the abundance of adult female mosquitoes.

When a susceptible mosquito (SV) feeds on an

infected vertebrate host (IH), it will become exposed to

the pathogen with probability ³V Tð Þ. With probability

θV Tð Þ¼ exp − ¼V Tð Þ=ηV Tð Þð Þ, exposed mosquitoes will

survive the extrinsic incubation period and become infec-

tious (IV), remaining so for the remainder of their lives.

The total mosquito population is denoted by V ¼ SV + IV.

At equilibrium, the total mosquito population is given by

Equation (5):

V� Tð Þ¼
ρL Tð ÞKL

¼V Tð Þ
1−

¼V Tð Þ

σV Tð Þf Tð ÞδL Tð Þ

� �

: ð5Þ

Here, f Tð Þ is the average number of female eggs laid

in a single oviposition, ρL Tð Þ is the immature mosquito

Chitnis

dynamic

Ross-

Macdonald

death

deathdeath

Temperature-

dependent

terms

infection

infection

recovery

death

death

recruitment

recruitment

Host

recruitment rate

(individuals / day)

Host bite rate

     (bites/day)

Vector bite rate

     (bites/day)

Vector

competence

Probability of 

surviving EIP

Average vector 

adult death rate

(individuals / day)

Vector

recruitment rate

(individuals / day)

Maximum

biting frequency

     (bites/day)

F I GURE 2 Flow diagram for core model of mosquito-borne pathogen transmission between vertebrate host and mosquito populations

including temperature-dependent mosquito parameters. The vertebrate host population exhibits susceptible-infected-recovered infection

dynamics, and the mosquito population exhibits susceptible-infected dynamics. Susceptible hosts (SH) may become infectious (IH) upon

contact with an infectious vector (IV) and then move to the recovered compartment (RH) after their infectious period. Susceptible mosquitoes

(SV) may become infected (IV) after contact with an infectious host (IH) after surviving the extrinsic incubation period (EIP) with probability

θV. Infectious mosquitoes remain infectious for the duration of their lifespan, primarily because mosquito lifespans are too short to clear a

viral infection (Beier, 1998; Gibbons & Vaughn, 2002; Hopkins et al., 2022). Black lines represent transitions into and out of compartments,

and gray dotted lines indicate contributions to transmission. Mosquito recruitment is also dependent on temperature through a submodel for

the aquatic-stage population in Equations (S1.7) and (S1.8) in Appendix S1. The functions bH and bV represent the per-capita interspecific

contact rates of vertebrate hosts and mosquitoes, respectively. The exact functional forms for these rates depend on whether the

Ross–Macdonald or Chitnis dynamic contact rate formulation is used.
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development rate, δL Tð Þ is the probability of immature

mosquito survival to adulthood, and KL is the immature

mosquito carrying capacity.

The interspecific contact rates, bH and bV, are given

by either of Equations (1) and (2) or (3) and (4) and illus-

trated in Figure 1, depending on whether biting tolerance

is limited or unlimited, respectively.

Parameterization

We parameterized the model for five systems of

mosquito-borne pathogen transmission. Multiple sys-

tems are modeled to investigate how traits particular to

the mosquito and parasite species in the system have

an impact on how host traits relate to the thermal

properties of transmission. The systems that we con-

sider are Ae. aegypti–DENV, Ae. aegypti–ZIKV, Ae.

albopictus–DENV, An. gambiae–P. falciparum, and Cx.

quinquefasciatus–WNV.

We selected these specific systems for three reasons.

First, the pathogens cause diseases of current and future

risk to human populations (Bhatt et al., 2013; Gething

et al., 2011; Kilpatrick, 2011; Puntasecca et al., 2021;

Ryan et al., 2019). Second, animal reservoirs play a role

in these transmission systems to varying extents (Faust &

Dobson, 2015; Kramer et al., 2019; Rond�on et al., 2019;

Valentine et al., 2019; Wolfe et al., 2007). Finally, there

are sufficient data available to derive reliable TPCs

of mosquito and parasite parameters for these systems

(Mordecai et al., 2013, 2017, 2019; Shocket et al., 2018,

2020; Tesla et al., 2018; Villena et al., 2022). We chose

two systems with the same vector (Ae. aegypti–DENV, Ae.

aegypti–ZIKV) and two with the same pathogen (Ae.

aegypti–DENV, Ae. albopictus–DENV) to facilitate mak-

ing comparisons regarding the relative impact of the

identity of the parasite or mosquito species in the system,

respectively. Following Mordecai et al. (2013) and Villena

et al. (2022), we used composite Anopheles spp. trait data

to form TPC estimates due to a lack of data for species in

the An. gambiae complex, the primary vector of human

malaria. We also incorporated more recent data on the

effects of temperature on Anopheles spp. fecundity

(Aytekin et al., 2009; Christiansen-Jucht et al., 2015). The

sources for all the temperature trait data used in this

study are listed in Appendix S2: Tables S1–S3, organized

by mosquito species and traits.

Trait TPCs were derived from published laboratory

data following the Bayesian approach described in

Johnson et al. (2015), which we briefly summarize here.

For each system and trait, a functional form for the

TPC was assigned: linear, quadratic, or Brière. Next,

using the available data, posterior distributions for the

TPC hyperparameters were derived through a Gibbs

sampling process. Samples were taken from these poste-

rior distributions to create trait TPCs for each system.

From these samples, for a given temperature, we

obtained a distribution of values of a given trait or other

quantity of interest. Unless otherwise specified, all

quantities of interest, such as the basic reproduction

number or parasite population thermal niche width, are

reported as their median with respect to the samples

from the trait TPC hyperparameter posterior distribu-

tions. We assume that the immature mosquito carrying

capacity, KL, is a constant value of 300 individuals per

hectare as we lack data on the thermal response of this

parameter, and this value resulted in a plausible range of

values for overall mosquito population density

(Appendix S2: Figure S1).

Figure 3 shows adult mosquito lifespan, maximum

biting frequency, eggs per female per day, immature

development rate, the probability of an immature mos-

quito surviving to adulthood, the probability of an

infected mosquito surviving the extrinsic incubation

period (EIP), and vector competence as a function of tem-

perature for each of the five systems we considered. As

with previously reported TPCs (Mordecai et al., 2013,

2017, 2019; Shocket et al., 2020; Tesla et al., 2018), we

took the probability of surviving the EIP to be a function

of the parasite development rate ηV Tð Þ and adult mos-

quito mortality rate ¼V Tð Þ: θV Tð Þ¼ exp − ¼V Tð Þ=ηV Tð Þð Þ.

All remaining mosquito parameters are independent of

other parameters. To address the key questions posed in

this study, we varied two key vertebrate host parameters:

population density and biting tolerance. All other param-

eters remained fixed and are listed in Table 1. Vertebrate

host population density was varied across several orders

of magnitude on a logarithmic scale to cover a wide

range of population sizes. We also varied the biting tol-

erance threshold parameter, σH, on a logarithmic scale,

including a point at infinity for the unlimited biting toler-

ance case.

Mathematical analysis

We measured the outbreak and sustained transmission

potential of a system through its basic reproduction

number, R0. Higher values of R0 lead to larger initial

outbreak sizes and higher equilibrium prevalence (see

Appendix S1: Section S2 for details). When R0 >1, the

parasite population persists within the system indefi-

nitely (Diekmann et al., 1990; van den Driessche &

Watmough, 2002). R0 was calculated via the method of

van den Driessche and Watmough (2002). We assumed

that vertebrate host and mosquito populations were
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initially at their carrying capacities and fixed all parame-

ters as described in the previous subsection.

R0 ¼R0 T,KH,σHð Þ is a function of temperature T in

degrees Celsius, vertebrate host population density KH in

individuals per hectare, and vertebrate host biting toler-

ance σH in bites per host per day. Due to the Bayesian

parameter fitting process used to derive trait TPCs, we

numerically obtained R0 as a distribution across trait

TPC hyperparameter samples. We varied vertebrate host

availability by modifying biting tolerance, σH, and popu-

lation density, KH, independently.

We first determined whether R0 had the properties of

a TPC: a function of temperature that is supported on a

single bounded interval that has a unique intermediate

mode (Angilletta, 2006; Huey & Kingsolver, 1989; Huey

& Stevenson, 1979). To do this, we calculated R0 as a

function of temperature and other parameters. Then, to

visually verify that R0 had a unique maximum and was

nonzero on a single finite interval, we plotted R0 against

temperature for each system and across the full range of

values of vertebrate host population density and biting

tolerance (Figure 4).

The bounded interval support of a TPC is also called

the thermal tolerance range (Huey & Stevenson, 1979) or

thermal niche (Huxley et al., 2022; Ryan et al., 2019). We

define the parasite population thermal niche to be the set

of temperatures at which R0 exceeds one, that is, the

temperatures at which transmission is expected to be

sustained and outbreaks are possible. The lower endpoint

of the parasite population thermal niche is the critical

thermal minimum, CTmin , and its upper endpoint is the

critical thermal maximum, CTmax . We also considered

the width of the parasite population thermal niche,

CTwidth ¼CTmax −CTmin . When R0 was less than one at

F I GURE 3 Thermal performance curves (TPCs) for the mosquito and parasite traits used in our model: (a) adult lifespan, (b) maximum

biting frequency, (c) eggs per female per day, (d) mosquito development rate, (e) the probability of immature mosquito survival, (f) the

probability of surviving the extrinsic incubation period, and (g) vector competence. Curves are shown in color for each of the five systems we

considered. Temperatures vary from 10 to 35�C to encompass the full thermal niche of all mosquito species considered in this study (defined

as the range of temperatures at which all traits for a given species are positive). Each trait is a unimodal function of temperature except for

the lifespan of Culex quinquefasciatus in (a). The Aedes aegypti–DENV and Ae. aegypti–ZIKV maximum biting frequency (b) curves overlap

because infection is assumed to not affect these traits (but see Tesla et al. [2018]). All functions and parameters for generating these curves

are derived from Mordecai et al. (2013, 2017, 2019), Tesla et al. (2018), Shocket et al. (2020), and Villena et al. (2022). Shown here are the

median values of the mosquito traits with respect to their TPC hyperparameter posterior distributions. A full description of how these curves

were obtained is available in Appendix S1: Section S1.
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all temperatures considered, CTmin and CTmax had no

biological meaning and CTwidth was set to zero. The ther-

mal optimum, Topt, is the temperature at which the

unique maximum of R0 is achieved. Note that, because

R0 is also a function of vertebrate host availability (KH

and σH), CTmin , CTmax , and Topt may also depend on ver-

tebrate host availability.

To estimate the maximum difference between Topt

values when biting tolerance is limited and unlimited, we

calculated T0
opt, the transmission thermal optimum when

vertebrate hosts are completely unavailable, calculated

through Equation (6):

T0
opt ¼ lim

σHKH!0
Topt KH,σHð Þ: ð6Þ

The maximum difference in Topt between the unlim-

ited and limited biting tolerance cases can then be com-

puted as TRM
opt −T0

opt.

Because of the highly nonlinear temperature depen-

dence of mosquito and parasite parameters, we are not

able to directly compute CTmin , CTmax , or Topt. Instead,

we numerically estimated these quantities in R by calcu-

lating R0 T,KH,σHð Þ across a gradient of temperature,

vertebrate host population density, and biting tolerance

values for each sample from the mosquito trait TPC

hyperparameter posterior distribution. Temperature was

varied from 10 to 40�C, to cover the full range of temper-

atures at which mosquito and parasite TPCs are positive

(Figure 3). Vertebrate host population density and

biting tolerance were varied as described in Table 1.

Numerically, CTmin (CTmax ) is the coolest (warmest)

temperature at which R0 T,KH,σHð Þ exceeds one. Topt is

then the temperature associated with the largest value of

R0 T,KH,σHð Þ. Uncertainty in mosquito traits induced

distributions for CTmin , CTmax , and Topt that vary with

vertebrate host population density and biting tolerance

(Appendix S2: Figure S8).

To determine whether vertebrate host availability

limits parasite population persistence, we also calculated

the values of vertebrate host population density at which

R0 exceeded one. We were motivated to consider

this possibility because, in the Ross–Macdonald model,

R0 decreases and approaches zero as vertebrate host pop-

ulation density is increased (Keeling & Rohani, 2008).

We refer to such a threshold as an upper critical host

community size, CHmax . If R0 also decreases below one

as vertebrate host population density decreases, we define

a lower critical host community size, CHmin , to be the

smallest value of KH such that R0 is greater than one.

Since R0 is also a function of temperature, CHmax and

CHmin may themselves depend on temperature. By set-

ting R0 ¼R0 T,KH,σHð Þ equal to one and solving for KH,

we derived formulas for CHmin and CHmax directly as

functions of the other model parameters (Appendix S1:

Section S3.2).

Sensitivity and uncertainty analyses

Following Mordecai et al. (2013), we calculated the local

sensitivity of R0 to temperature as well as the con-

tributions of the temperature-dependent mosquito traits

to this overall sensitivity, Sp T,KH,σHð Þ, given by

Equation (7):

Sp T,KH,σHð Þ¼
1

R0 T,KH,σHð Þ

∂R0 T,KH,σHð Þ

∂p

dp

dT
, ð7Þ

where p is a mosquito temperature-dependent trait. Note

that we only define Sp T,KH,σHð Þ at temperatures where

R0 Tð Þ>0. Sp T,KH,σHð Þ was calculated for each sample

from the TPC hyperparameter posterior distributions

and reported as the median value across all the sam-

ples (Appendix S2: Figure S9). The quantity

Sp T,KH,σHð Þ is related to Topt through the relation
P

tSt Topt,KH,σH
� �

¼ 0. To facilitate a comparison of the

differences in the temperature sensitivity of R0 across

systems, we also computed the proportional absolute con-

tribution of each trait to overall local sensitivity as in

Equation (8):

Sp T,KH,σHð Þ¼
j Sp T,KH,σHð Þ j

P

t
j St T,KH,σHð Þ j

, ð8Þ

TAB L E 1 Vertebrate host parameter values for model

governed by system of Equations (S1.1) in Appendix S1.

Parameter Description Value(s)

KH Carrying capacity

(individuals/ha)

Varied from 10− 2 to 104

σH Biting tolerance

threshold (bites per

host per day)

Varied from 1 to 103

(infinite in the case

of the

Ross–Macdonald

contact model)

»H Recruitment rate

(1/day)

0.005

¼H Mortality rate (1/day) 1/(365 × 20)

³H Probability of

becoming infected

after being bitten

by an infectious

mosquito

0.25

´H Recovery rate (1/day) 1/5
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where the sum is over each temperature-dependent trait,

t. We normalized by the sum of the absolute values

instead of the regular sum to avoid a singularity when

T¼Topt. Finally, to explore how host traits might impact

the importance of temperature-dependent mosquito

traits, we calculated the change in the contributions of

each trait to overall local sensitivity as KH is varied from

1 to 100, shown in Figure 7.

Following Johnson et al. (2015), we also performed

uncertainty analyses using the posterior samples

derived from the Bayesian fitting process for the mos-

quito trait TPCs. Uncertainty analyses were conducted

for Topt, CTmin , CTmax , and CTwidth with respect to each

of the temperature-dependent mosquito life history traits

(Appendix S2: Figures S10–S13). Uncertainty was mea-

sured as the relative change in the highest posterior den-

sity interval (HPD) width of each of these quantities of

interest. First, the 95% HPD width of the given quantity

of interest was calculated when all mosquito life history

traits were allowed to vary across TPC samples. Then, HPD

width was calculated with all but a focal life history trait set

to its posterior mean. The ratio of the former quantity to

the latter represents the amount of change in the posterior

distribution of the quantity of interest attributed to changes

in the focal variable. We obtained uncertainty results across

a range of values for temperature, vertebrate host popula-

tion density, and biting tolerance. Note that this form of

uncertainty analysis only provides information on the rela-

tive degree of influence of a given trait on a quantity of

interest, not on the direction of the influence.

All analysis was conducted in R (R Core Team, 2021).

All data and code necessary for reproducing our analyses

are available at https://github.com/DrakeLab/thermal-

properties-mbps.

F I GURE 4 R0 as a function of temperature has the usual properties of a thermal performance curve (TPC): It is positive on a single

bounded interval and has a unique maximum value. The shape of the R0 TPC depends on vertebrate host availability

and the mosquito–parasite system. The shape of the thermal response of R0 derived from the Ross–Macdonald model (dotted black curves)

is independent of vertebrate host population density, while those derived from the Chitnis dynamic model are dependent on vertebrate host

population density (solid lines in color). Shown here are the median values of R0 with respect to the mosquito trait TPC posterior

distributions. R0 is normalized by dividing by its maximum value in each system, for the given value of biting tolerance and vertebrate host

population density. Vertebrate host population density is varied on a log10 scale.
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RESULTS

R0 is a function of temperature and
vertebrate host availability

The basic reproduction number, R0, was computed as a

function of temperature and vertebrate host availability

across five mosquito–parasite systems. The expression of

R0 is given as follows by Equation (9):

R0 ¼ σV
σHKH

σHKH + σVV
�

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V�

KH

� �

³VθV
1

´H + ¼H

� �

³H
1

¼V

� �

s

,

ð9Þ

where V � is the temperature-dependent density of adult

mosquitoes at the disease-free equilibrium. Vertebrate

host parameter values are as in Table 1. The parameters

σV, V
�, ³V, ηV, and ¼V are all functions of temperature, as

shown in Figure 3.

We make a few initial observations about R0 as a

function of host availability (KH and σH). First, R0 strictly

increases with vertebrate host biting tolerance (σH).

Second, as discussed above, this model is equivalent to

the Ross–Macdonald model when biting tolerance

approaches infinity, as shown in Equation (10):

RRM
0 ¼ σV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V �

KH

� �

³VθV
1

´H + ¼H

� �

³H
1

¼V

� �

s

: ð10Þ

Taken together, these formulas imply that the R0 of

the Ross–Macdonald model is always greater than the R0

obtained from our model. Finally, regardless of whether

σH is finite or infinite, R0 eventually decreases with ver-

tebrate host population density (Appendix S1:

Section S3.1). In fact, R0 approaches zero as vertebrate

host population density approaches infinity, ensuring

the existence of an upper critical host community

size, CHmax .

Figure 4 shows how R0 varies as a function of tem-

perature. Note that in Figure 4, R0 has been normalized

by its maximum value to emphasize the relative (as

opposed to absolute) changes in R0 with respect to tem-

perature. R0 has the expected properties of a TPC: It has

a unique intermediate mode and is positive on a single

bounded interval. This holds in all the systems we consid-

ered and across the full range of vertebrate host popula-

tion density. The equations for the thermal optimum,

Topt, and thermal extrema, CTmin and CTmax , are there-

fore well defined. R0 varies in absolute terms with

respect to temperature and vertebrate host availability

across each of the five systems (Appendix S2: Figure S2).

The traits that most strongly determine the local tem-

perature sensitivity of R0 Tð Þ change substantially as tem-

perature and vertebrate host availability are varied

(Appendix S2: Figure S9). Reflecting the unimodal shape

of R0 Tð Þ, the temperature sensitivity of R0 Tð Þ monotoni-

cally decreases. At cooler temperatures, the temperature

sensitivity of R0 Tð Þ is mostly determined by the positive

association between temperature and parasite develop-

ment rate, vector competence, or biting frequency. On

the other hand, universally across all five systems, adult

mortality rate induces a strong negative relationship

betweenR0 Tð Þ and temperature at warmer temperatures.

The overall temperature sensitivity of R0 Tð Þ is gener-

ally lessened at lower levels of host availability

(Appendix S2: Figure S9, first row). In this case, we

observe a notable difference between the systems. In the

An. gambiae–P. falciparum system, each trait contributes

much less to the positivity of overall R0 Tð Þ temperature

sensitivity (Appendix S2: Figure S9, first row [d]). This

leads the overall temperature sensitivity of R0 Tð Þ to

reach zero at much cooler temperatures than in the other

systems and, indeed, than when host availability is much

higher in the An. gambiae–P. falciparum system.

To more closely examine this difference, we measured

how the contributions of the traits to overall R0 Tð Þ tem-

perature sensitivity changed as host population density

was increased from 1 to 100 individuals per hectare

(Figure 7). The pattern of changes in trait importance is

fairly similar in all the systems except for An. gambiae–P.

falciparum. In these other systems, the importance of bit-

ing frequency and adult mortality rate are most

increased at cooler and warmer temperatures, respec-

tively (Figure 7a–c,e). Additionally, immature develop-

ment rate and vector competence decrease in importance,

particularly near the middle of the thermal niche, while

parasite development rate consistently decreases in impor-

tance throughout the thermal niche. Finally, eggs per

female per day and the probability of immature survival,

both of which refer to aquatic stage mosquito life history,

do not meaningfully change in their importance when

host availability is increased.

The results for An. gambiae–P. falciparum differ in

several key ways (Figure 7d). First, the importance of bit-

ing frequency is elevated more at cooler temperatures

than in the other systems. Second, instead of remaining

flat, the importance of the parasite development rate

exhibits its greatest decrease at the lower edge of the ther-

mal niche. Finally, instead of attaining its minimum at

nearly the same temperature as vector competence, the

change in importance of the immature development rate

has a trough at a much cooler temperature. Taken

together, this distinct pattern in how host availability

shifts the importance of the various mosquito life history
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traits in relation to the temperature sensitivity of R0 Tð Þ

may give rise to the observed differences in thermal prop-

erty results for the An. gambiae–P. falciparum system.

Transmission thermal optimum and
vertebrate host availability

Figure 4 shows that the transmission thermal optimum,

Topt, may depend on vertebrate host availability (solid

lines). Unlike when biting tolerance is unlimited (the

Ross–Macdonald model), Topt depends on vertebrate host

availability when biting tolerance is limited. It can be

shown analytically that Topt derived from the Chitnis

contact model is always dependent on host availability

and in particular host density, a marked difference from

past works exploring the thermal optima of

mosquito-borne diseases (Appendix S1: Equation S4.3

and Section S4.2). To better illustrate the dependence of

Topt on vertebrate host availability when biting tolerance

is limited, we plotted Topt against vertebrate host popula-

tion density and biting tolerance across each of the five

systems in Figure 5. We show these curves across a wide

range of vertebrate host population densities to illustrate

their full behavior, noting that real animal populations

usually have densities on the order of only 0:1 to 100

individuals per hectare. Appendix S2: Figures S3 and S4

show the relationships between Topt and vertebrate host

population density and biting tolerance, respectively.

Topt is a sigmoidal function of the logarithm of verte-

brate host population density, decreasing in most systems

(e.g., Appendix S2: Figure S3a–c,e) and increasing in one

(e.g., Appendix S2: Figure S3d). The amount of variation

differs significantly across systems, with some exhibiting

very little change (Figure 5a–c,e) and one showing varia-

tion exceeding 5�C (Figure 5d). As was determined

analytically, when biting tolerance is unlimited, Topt is

constant with respect to vertebrate host population den-

sity (Figure 5, upper panel of each plot). As biting toler-

ance or vertebrate host population density is increased,

F I GURE 5 The thermal optimum for transmission, Topt, may be sensitive to vertebrate host population density and biting tolerance.

Here, Topt is plotted as a function of vertebrate host population density and biting tolerance for each of the five systems. In the

Ross–Macdonald model, where biting tolerance is assumed to be infinite, Topt is independent of vertebrate host population density (upper

bars in plots). But when biting tolerance is limited, Topt can vary as much as 5�C (d). Topt may increase (d) or decrease (a–c, e) as vertebrate

host population density or biting tolerance is increased. Shown here are the median values of Topt with respect to the mosquito trait thermal

performance curve posterior distributions. Both biting tolerance and vertebrate host population density are varied on a log10 scale. R0 >1 in

the region contained within the black R0 ¼ 1 curve. All remaining parameters are given in Table 1 and Figure 3.
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Topt approaches the constant value obtained from using

the Ross–Macdonald model. This can be seen more

clearly in Appendix S2: Figure S3 (black lines) and

Appendix S2: Figure S4 (dark blue lines).

Table 2 shows the value of Topt in the unlimited bit-

ing tolerance case (TRM
opt ) and when vertebrate host avail-

ability is near zero (T0
opt). The difference of these two

values represents the maximum amount of change in

Topt due to reduced host availability. Each of the values

in Table 2 is independent of vertebrate host parameters

and determined solely by mosquito and parasite parame-

ters. An. gambiae–P. falciparum shows the greatest

increase in Topt due to changes in host availability,

whereas Ae. aegypti–DENV shows the greatest decrease.

However, Topt for the Ae. aegypti–DENV system only

exhibits a 1�C change for the wide range of host availabil-

ity explored in Figure 5, so this result may not be a realis-

tic estimate for actual populations.

The uncertainty in Topt attributed to each mosquito

trait varied substantially as vertebrate host population

density was varied (Appendix S2: Figure S10). In every

system, the adult mosquito lifespan (equivalently, the

mortality rate) contributes greatly to the uncertainty in

Topt across a wide range of vertebrate host availability. In

all but the Cx. quinquefasciatus–WNV system, eggs per

female per day dominates the uncertainty when verte-

brate host population density is low. Notably, the

Cx. quinquefasciatus–WNV system exhibits the smallest

change in Topt as host availability is varied (Table 2). This

suggests that differences in the thermal response of mos-

quito fecundity may be the cause of the observed differ-

ences in the relationship between Topt and vertebrate

host availability across the systems. Reducing uncertainty

in the eggs per female per day trait would have an out-

sized impact on improving estimates of Topt at lower

levels of vertebrate host availability, except in the case of

Cx. quinquefasciatus–WNV. Generally, the immature

mosquito traits (immature development rate and

probability of immature survival) contributed little to the

uncertainty in Topt. This result is consistent with the find-

ings of our sensitivity analysis, which showed that these

traits were not important determinants of the thermal

response of R0 Tð Þ. When biting rate is not limited, the

uncertainty results appear similar to the values obtained

when vertebrate host population density is large.

Thresholds for sustained transmission:
Temperature and vertebrate host
population density

The parasite population thermal niche is the range of

temperatures at which the parasite population is expected

to persist, that is, the temperatures at which R0 exceeds

one. The critical thermal minimum, CTmin , and the criti-

cal thermal maximum, CTmax , bound the parasite popu-

lation thermal niche. To illustrate how the parasite

population thermal niche is shaped by vertebrate host

availability, we plot the width of the parasite population

thermal niche as a function of vertebrate host population

density and biting tolerance (Figure 6).

Generally, vertebrate host species that are highly tol-

erant to mosquito biting and that have low population

densities can support the widest parasite population ther-

mal niche. The width of the parasite population thermal

niche decreases as vertebrate host population density is

increased, eventually shrinking to zero when population

density surpasses the upper critical host community size,

CHmax . But there is a change in this relationship when

biting tolerance is low (around less than 100 bites per

host per day). When biting tolerance is low, the width of

the parasite population thermal niche is initially zero at

low vertebrate host population densities. Then, as popu-

lation density is increased past a threshold, CHmin , the

width of the parasite population thermal niche increases

rapidly.

Notably, this feature is absent from the Ross–

Macdonald model, for which there is no lower critical

host community size (Appendix S1: Section S3.2). For

vertebrate host population densities exceeding roughly

1000 individuals per hectare, the width of the parasite

population thermal niche is insensitive to biting toler-

ance. These observations suggest that vertebrate host

populations with high biting tolerance and low abun-

dances might best enable mosquito-borne parasites to

persist in a changing thermal environment because

these populations support transmission in the widest

thermal band.

The Cx. quinquefasciatus–WNV system exhibits much

wider variation in the width of the parasite population

thermal niche than the other systems (Figure 6e). This is

TAB L E 2 Maximum difference between Topt when biting

tolerance is unlimited (TRM
opt ) and limited (T0

opt) in degrees Celsius in

five transmission systems.

System T
RM
opt T

0
opt T

RM
opt −T

0
opt

Aedes aegypti and DENV 26.8 27.95 −1.15

Aedes aegypti and ZIKV 26.8 28.4 −1.60

Aedes albopictus and DENV 28.35 33.9 −5.55

Anopheles gambiae and Plasmodium

falciparum

26.4 21.35 5.05

Culex quinquefasciatus and WNV 25.45 25.75 −0.3

Abbreviations: DENV, Dengue virus; WNV, West Nile virus; ZIKV, Zika

virus.
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in contrast to the results for Topt, where the An.

gambiae–P. falciparum system displayed the greatest var-

iation (Figure 5d). The wide variation in the width

of the parasite population thermal niche for the Cx.

quinquefasciatus–WNV system could be caused by the

relatively low variance in CTmin and CTmax for this sys-

tem (Appendix S2: Figure S8e).

We also considered how the critical thermal mini-

mum (CTmin ) and maximum (CTmax ) were constrained

by vertebrate host availability (Appendix S2: Figures S5

and S6). The parasite population thermal niche decreases

in width as vertebrate host population density is

increased while the critical minimum community size

decreases along with biting tolerance (Appendix S2:

Figure S7). The posterior distributions of CTmin , CTmax ,

and Topt illustrate how the level of uncertainty changes

due to vertebrate host availability (Appendix S2:

Figure S8).

The contributions of each mosquito trait to uncer-

tainty in CTmin , CTmax , and CTwidth change as host avail-

ability is increased (Appendix S2: Figures S11–S13).

Visually, there was very little difference in any of these

results between the cases of limited and unlimited biting

tolerance. Uncertainty in CTmin is primarily due to the

parasite development rate and eggs per female per day,

with adult mosquito lifespan growing in influence at

higher levels of vertebrate host population density. For

the An. Gambiae–P. falciparum system, uncertainty in

CTmin is driven almost entirely by the trait of eggs per

female per day. In contrast, adult mosquito lifespan dom-

inates CTmax uncertainty, with eggs per female per day

playing a larger role in only the Ae. albopictus–DENV

system and Cx. quinquefasciatus–WNV system when ver-

tebrate host availability is low. The uncertainty results

for CTwidth are essentially a composite of the results for

CTmin and CTmax . In all, we see little influence of the

F I GURE 6 The parasite population thermal niche, the range of temperatures at which parasite transmission is expected to persist, is

widest when biting tolerance is high and vertebrate host population density is low for the (a) Ae. aegypti–DENV, (b) Ae. aegypti–ZIKV, (c)

Ae. albopictus–DENV, (d) An. gambiae–P. falciparum, and (e) Cx. quinquefasciatus–WNV systems. As vertebrate host population density

approaches an upper threshold, the width of the parasite population thermal niche shrinks to zero. At low levels of biting tolerance, there is

also a lower threshold for vertebrate host population density. Shown here are the median values of CTwidth with respect to the mosquito trait

thermal performance curve posterior distributions. Vertebrate host population density and biting tolerance are both plotted on log10 scales.

Biting tolerance is varied from 1 to 1000 bites per day, with an additional point at infinity to illustrate the case where biting tolerance is

unlimited (the Ross–Macdonald model). Both biting tolerance and vertebrate host population density are varied on a log10 scale. All

remaining parameters are given in Table 1 and Figure 3.
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immature development rate and probability of immature

survival on either the thermal extrema or the width of

the thermal niche.

DISCUSSION

Vertebrate host availability alters the
transmission thermal optima of
mosquito-borne parasites

The transmission thermal optimum, Topt, is a commonly

used measure of pathogen invasion risk (Mordecai

et al., 2013, 2017, 2019; Nguyen et al., 2021; Shapiro

et al., 2017; Shocket et al., 2020; Tesla et al., 2018; Villena

et al., 2020). Past studies of mosquito-borne parasite

transmission thermal optima have made an assumption,

implicit in the use of the Ross–Macdonald model, that

the biting tolerance of vertebrate hosts is unlimited.

However, our findings suggest that ignoring the effect of

host availability on mosquito contact may bias estimates

of Topt by as much as 5�C (Figure 5 and Appendix S2:

Figure S3). Generally, incorporating biting tolerance had

little impact on Topt when vertebrate host population

density or biting tolerance was assumed to be high

(Figure 5). In most of the systems we considered, there

was little difference between the values of Topt obtained

when biting tolerance was limited versus unlimited. But

our results suggest that the magnitude of this effect

depends strongly on the mosquito and parasite species in

the transmission system, with the An. gambiae–P.

falciparum system exhibiting a substantially larger

change in Topt when compared to the other systems con-

sidered here (Appendix S2: Figure S3d). Altogether, this

result suggests that vertebrate host behavioral defenses

that limit the rate of contact with mosquitoes can have

(a) Ae. aegypti–DENV (b) Ae. aegypti–ZIKV (c) Ae. albopictus–DENV (d) An. gambiae–
P. falciparum

(e) Cx. quinquefasciatus–
WNV
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F I GURE 7 Change in contributions of temperature-dependent mosquito traits to overall temperature sensitivity of R0 as vertebrate

host population density is increased from 1 to 100 individuals per hectare for the (a) Ae. aegypti–DENV, (b) Ae. aegypti–ZIKV, (c) Ae.

albopictus–DENV, (d) An. gambiae–P. falciparum, and (e) Cx. quinquefasciatus–WNV systems. There is a fairly consistent pattern in the

change in importance for four out of the five systems. But, unlike the others, the Anopheles gambiae–Plasmodium falciparum system displays

significant changes in the contributions of biting frequency and parasite development rate at low temperatures and relatively small changes

for adult mortality rate at warmer temperatures. This indicates that, through the incorporation of limited biting tolerance, a change in

vertebrate host availability shifts the importance of certain temperature-dependent mosquito traits in determining the temperature

dependence of R0. Shown here are the median values of Sp T, 100, 10ð Þ−Sp T, 1, 10ð Þ as described by Equation (8).
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an important effect on Topt, especially when vertebrate

host population density is low.

Distinct patterns in how the importance of the mos-

quito traits change due to increases in host availability

might explain the observed differences in the thermal

properties across the five transmission systems. For An.

gambiae–P. falciparum, substantial shifts in Topt as host

availability is changed may be attributed to concomitant

changes in the importance of certain traits (Figure 7d).

Unlike the other systems, the An. gambiae–P. falciparum

system exhibits large swings in the importance of biting

frequency and parasite development for the temperature

sensitivity of R0 Tð Þ at cool temperatures (Figure 7).

At first glance, it seems that Topt, a quantity describ-

ing the thermal performance of parasite transmission,

should not exhibit any dependence on vertebrate host

traits. However, animals, from birds to rodents to pri-

mates, commonly engage in behaviors that limit their

exposure to mosquitoes, reducing the feeding success of

these insects (Darbro & Harrington, 2007; Edman &

Kale, 1971; Matherne et al., 2018; Samson et al., 2019;

Walker & Edman, 1986). These behaviors should have

the greatest impact on the contact dynamics between

vertebrate hosts and mosquitoes when host density is

already low, thereby substantially restricting the maxi-

mum rate at which mosquitoes make contact with their

hosts (Figure 1a, red curve). This contrasts with the

Ross–Macdonald model, which makes the underlying

assumption that vertebrate hosts will tolerate any rate of

biting and, therefore, that the contact rate will remain unaf-

fected by decreases in the vertebrate host population density

(Figure 1a, blue curve). By limiting the transmission rate of

the parasite, vertebrate host defensive behaviors become

key in determining the temperature dependence of

mosquito-borne parasite transmission potential.

Given this relationship between biting tolerance and

the determinants of mosquito-borne parasite transmis-

sion potential, a better understanding of the defensive

behaviors of the vertebrate hosts of mosquito-borne zoo-

noses could improve risk projections of mosquito-borne

disease. But data on the biting tolerance of animals are

lacking. Although studies of animal defensive behaviors

toward biting flies were once common (Cully Jr

et al., 1991; Day & Edman, 1984; Edman et al., 1972,

1974; Edman & Kale, 1971; Edman & Scott, 1987; Hart,

1990, 1994; Klowden & Lea, 1979; Walker &

Edman, 1985, 1986), this area of research has languished

in the past two decades. Vertebrate host defensive behav-

iors and biting tolerance were not included in any of the

models considered in two recent historical reviews of

mathematical models of mosquito-borne pathogen trans-

mission (Reiner Jr et al., 2013; Smith et al., 2012).

Furthermore, to our knowledge, there has been no

published research conducted on human tolerance thresh-

olds to mosquito biting, though the existence of such

thresholds is considered plausible (Read et al., 1994). Our

results suggest that such studies would improve existing

estimates of thermal optima for mosquito-borne parasite

transmission to both humans and other animal reservoirs

of mosquito-borne zoonoses in particular for human

malaria transmission.

The results of our model cause us to propose two new

hypotheses about the relationship between vertebrate

host availability and mosquito-borne parasite transmis-

sion potential. The first hypothesis is that, in some sys-

tems, Topt may vary with the biting tolerance of the

vertebrate host. Holding the identity of the mosquito and

parasite species constant, we should expect to measure

dissimilar transmission thermal optima between a system

with a biting-tolerant vertebrate host population versus

one that is biting intolerant. Biting tolerance may be

manipulated by restraining or anesthetizing hosts or oth-

erwise minimizing their ability to defend against mos-

quito biting (Cully Jr et al., 1991; Lyimo et al., 2012). The

second hypothesis is that, when the vertebrate host of a

system is highly intolerant to biting, Topt is sensitive to

vertebrate host population density. In this case, changing

the population density of the host population should

measurably shift the temperature at which transmission

is optimized. This hypothesis could be tested in

mesocosm experiments that manipulate the population

densities of host species that exhibit strong but imperfect

defensive behavior, such as the wood rat or cotton rat

(Edman & Scott, 1987), across a gradient of temperatures.

Transmission potential can be evaluated using various

measures that are related to R0, such as the initial

growth rate in the number of infected animals (vertebrate

hosts and mosquitoes) or by the prevalence of infection

at the endpoint of the experiment. Our results suggest

that detecting evidence for these hypotheses may be most

likely in transmission systems with traits similar to the

An. gambiae–P. falciparum system (Figure 5, Appendix

S2: Figures S2 and S3). Desirable properties for the mos-

quito and pathogen of this experimental system might

include adult mosquito survival at relatively cold tempera-

tures, reproduction only at warmer temperatures, and vec-

tor competence across a wide thermal range as these

properties differentiate the An. gambiae–P. falciparum sys-

tem from the other systems considered in this study

(Figure 3). Exploring these hypotheses would improve our

understanding of the role of the vertebrate host in the trans-

mission of mosquito-borne parasites.

Key traits of the vertebrate host that modulate the

effects of temperature and other environmental factors

on transmission potential were not considered in other

studies, which largely explored mosquito-borne parasite
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transmission thermal optima using quantities like the

entomological inoculation rate, vectorial capacity, or a

normalized form of the basic reproduction number to

measure transmission potential (Childs et al., 2019;

Mordecai et al., 2013, 2017, 2019; Ngonghala et al., 2021;

Nova et al., 2021; Ryan et al., 2019; Shapiro et al., 2017;

Shocket et al., 2020; Tesla et al., 2018). Using such quan-

tities allows one to avoid the estimation of host parame-

ters and mosquito abundance through the assumption of

a fixed ratio of vector and host abundances. But the

assumption of a fixed vector–host ratio leads to an unre-

alistic implication—that any change in mosquito abun-

dance (say, due to temperature or other abiotic factors) is

met with a proportional change in host abundance. Even

the most fast-lived hosts have population turnover times

significantly longer than that of mosquitoes. Future

modeling studies might consider incorporating realistic

covariation of vector and host population sizes

(Romeo-Aznar et al., 2018; Wonham et al., 2006).

Our results suggest that quantities like the transmis-

sion thermal optimum may, in fact, be sensitive to verte-

brate host population density. If the maximum change in

Topt (Table 2) for a given pair of mosquito and parasite

species is deemed to be sufficiently small (as may be the

case for Cx. quinquefasciatus–WNV), then ignoring host

traits is justified as they are unlikely to substantially

impact the relationship between temperature and peak

transmission. On the other hand, in the case of the An.

gambiae–P. falciparum system, it may be more suitable to

use ecologically realistic models, like the one presented

here, that can estimate a range of possible Topt values

determined by host availability, as simplifying assump-

tions may bias estimates by over 5�C. The maximum

change estimate of Topt could be used to identify

mosquito–parasite transmission systems where better

data on the traits of vertebrate hosts could improve esti-

mates of Topt going forward. Uncertainty analyses suggest

that additional data on the thermal response of adult

mosquito lifespan, vector competence, and eggs per

female per day would best resolve the uncertainty in Topt

estimates.

Paired with projections of temperature shifts due to

global climate change, thermal optima estimates could

eventually help decision-makers prepare for and poten-

tially prevent the spread of mosquito-borne pathogens.

Changes in thermal optima, even on the order of single

degrees, can lead to substantial adjustments to maps of

future mosquito-borne disease risk (Mordecai et al., 2019).

However, the transmission thermal optimum is not

the sole determinant of mosquito-borne parasite risk.

Importantly, R0 may be maximized at a particular tem-

perature but still not exceed the threshold for an out-

break. Furthermore, the R0 TPC may be flat near its

maximum, meaning that deviations in temperature away

from Topt result in only slight changes in R0. For these

reasons, considering the thermal niche of the parasite

population is also essential.

Vertebrate host availability shapes the
thresholds for sustained mosquito-borne
parasite transmission

Incorporating vertebrate host traits into models enabled

us to directly calculate the basic reproduction number,

R0, and hence the parasite population thermal niche. We

showed that vertebrate host availability affected both the

width of the parasite population thermal niche and its

position relative to the mosquito population thermal

niche (Figure 6 and Appendix S2: Figure S6). Consistent

with our findings related to Topt, the critical thermal min-

imum and maximum, CTmin and CTmax , were not inde-

pendent of vertebrate host population density

(Appendix S2: Figures S5 and S6). Above a threshold

level of vertebrate host population density parasite trans-

mission did not persist at any temperature (Figure 6). A

lower vertebrate host critical community size exists when

the vertebrate host exhibits limited biting tolerance,

marking a substantial difference from past works that

used the Ross–Macdonald contact model.

While the relationship between parasite thermal tol-

erance range width and host availability is similar across

the systems, we note that the Cx. quinquefasciatus–WNV

system exhibits much larger increases in width when bit-

ing tolerance is high and population density is low.

Unlike with An. gambiae–P. falciparum, we cannot

clearly differentiate Cx. quinquefasciatus–WNV from the

other systems by examining how host availability shifts

the importance of traits (Figure 7e). However, our uncer-

tainty analysis suggests that the thermal response of vec-

tor competence is a more important trait for determining

CTmin and, thus, CTwidth for this systems.

The links identified between the parasite population

thermal niche and the vertebrate host population thresh-

olds may have important implications for the prediction

and prevention of the spread of mosquito-borne patho-

gens and for the elimination of endemic or enzootic

mosquito-borne pathogens. Like Topt, the parasite popu-

lation thermal niche can be used to determine which

regions could be at future risk of mosquito-borne parasite

invasion and establishment due to global climate change.

But unlike Topt, the parasite population thermal niche

takes into account both the absolute and relative aspects

of R0. Whereas Topt includes no information about the

probability of an outbreak or whether transmission is

expected to be sustained, the parasite population thermal
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niche only includes the temperatures at which outbreaks

and sustained transmission are expected. Our results

show that vertebrate host behaviors and traits may indi-

rectly interact with the effects of temperature on mosquito

and parasite traits to restrict the parasite population thermal

niche. For example, if vertebrate host biting tolerance is

ignored, the width of the parasite population thermal niche

may be overestimated, particularly at low levels of verte-

brate host population density (Figure 6).

The connections between the parasite population

thermal niche and vertebrate host population densities

suggest two empirically testable hypotheses regarding

vector–host contact dynamics and mosquito-borne para-

site transmission. First, our results suggest that when bit-

ing tolerance is low, the parasite population thermal

niche should be broad only in a narrow range of high

vertebrate host population densities. This suggests that

in species with low tolerance to mosquito biting, we

should only expect to find sustained transmission of

mosquito-borne parasites in relatively dense populations.

Mesocosm experiments that measure the degree to which

mosquitoes transmit parasites to populations of defensive

animals, like rodents (Edman & Scott, 1987), across a

range of host population densities and ambient tempera-

tures could help to determine whether this finding repre-

sents a real phenomenon. On the other hand, for

biting-tolerant animals, there should be relatively little

change in the range of temperatures at which transmis-

sion will be sustained when population density is varied

across a wide range of values.

Our findings also lead to a second hypothesis: If hosts

are too abundant relative to the vector population, the

parasite population is not expected to become established

in the long term. This is in direct contrast to theories of

critical thresholds for directly transmitted parasites

where there are only minimum community sizes below

which persistent parasite transmission does not occur

(Nunn & Altizer, 2006). While the existence of a maxi-

mum population size for transmission may appear coun-

terintuitive, it is a well-known property of the familiar

Ross–Macdonald model (Keeling & Rohani, 2008) and

the main idea underlying the concept of zooprophylaxis

(Kilpatrick & Randolph, 2012), the idea that living near

other animals (often livestock) provides a defense

against mosquito-borne disease as infected mosquitoes

are diverted toward these animals and away from

humans. This threshold has a possible phenomenologi-

cal explanation: When there is a sufficiently high den-

sity of vertebrate hosts and only a few infected

individuals, the probability that a susceptible mosquito

makes contact with an infected vertebrate host is van-

ishingly small. However, while studies have identified

a strong correlation between population density and

mosquito-borne disease incidence, we were only able

to find studies showing that the incidence of

mosquito-borne disease increases with population den-

sity (Li et al., 2021; Liu et al., 2020; Rogers et al., 2014).

A better understanding of the natural covariation of

vertebrate host traits would allow us to better contextual-

ize these results. Should we expect vertebrates living in

high-density populations to have higher or lower biting

tolerance levels than those living in low-density

populations? Negative correlations between body mass

and biting tolerance (Edman & Scott, 1987) and body

mass and population density (De Leo & Dobson, 1996;

Han et al., 2015) may help to explain which vertebrate

host species are most likely to support sustained

mosquito-borne parasite transmission across a wide

range of temperatures. This correlation, together with

our results, suggests that small-bodied animals, despite

being more actively defensive against mosquitoes

(Edman & Scott, 1987), may induce a wide parasite popu-

lation thermal niche because of their high population

densities. Similarly, large-bodied animals, which tend to

have higher biting tolerances and lower population den-

sities, may also support a wide parasite population ther-

mal niche. These trade-offs between the biting tolerances

and population densities of vertebrate hosts, mediated

through body mass, may tend to place vertebrates in the

regions of parameter space where transmission is

sustained at the widest possible range of temperatures.

Finally, these results are relevant to mosquito-borne

parasite invasion and maintenance in human

populations. Recent evidence suggests that dengue virus

transmission depends on the availability of susceptible

humans (Li et al., 2021; Liu et al., 2020; Nova

et al., 2021). But there has been little research into how

human behavior changes due to biting pressure from

mosquitoes. Our results suggest that determining the

existence of biting tolerance thresholds for human

populations could improve estimates of mosquito-borne

parasite risk in human populations under future climate

warming scenarios. Because reducing biting tolerance

greatly shrinks the width of the parasite population ther-

mal niche in small populations, providing people in

sparsely populated communities with tools that help to

defend against mosquito biting (such as bed nets or

permethrin-treated clothing) could have an outsized effect

on limiting the sustained transmission of mosquito-borne

pathogens.

Areas for further research

We assumed that temperature was constant and

time independent to preserve the autonomy of our model.
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In the field, mosquitoes and their parasites experience daily

and seasonal changes in temperature that affect

transmission-related traits (Alto et al., 2018; McGregor

et al., 2021; Meyer et al., 1990; Reisen et al., 1986).

These processes will be most important in temperate

regions where seasonal and daily shifts in temperature

can be substantial. However, studies looking at how

changes in daily temperature range affect the transmis-

sion rate of arboviruses in mosquitoes have shown

mixed results (Alto et al., 2018; Lambrechts et al., 2011;

McGregor et al., 2021; Paaijmans et al., 2009, 2010). It

is possible to include seasonal and daily oscillations of

temperature into compartmental models and to deter-

mine R0 in such periodic environments (Bacaër, 2007;

Wang & Zhao, 2008). Finally, because temperature is so

closely linked to mosquito fitness, mosquitoes may adapt

to survive in new temperature regimes, thereby funda-

mentally changing the thermal response of their life his-

tory traits (Couper et al., 2021, 2023; Ruybal et al., 2016;

Sternberg & Thomas, 2014).

Additionally, we made several simplifying assump-

tions about mosquito biology that might affect the gener-

ality of our results. The temperature experienced by

mosquitoes in larval stages can have carry-over effects on

their phenotype as adults: Higher temperatures are asso-

ciated with faster development times, lower adult body

sizes, and lower egg production and may also impact

adult fecundity, pathogen susceptibility, mortality, and

mosquito biting rate (Evans et al., 2018, 2021; Huxley

et al., 2021, 2022; Rueda et al., 1990; Shapiro et al., 2016).

Carry-over effects could be accounted for in compartmen-

tal models by adding an age variable for mosquitoes

(necessitating the use of a system of partial differential

equations). Including such carry-over effects would likely

change the uncertainty and sensitivity results presented

here that suggest immature mosquito traits are not

important determinants of model results.

The assumption that mosquitoes seek a single blood

meal each gonotrophic cycle is also unrealistic. Some

mosquito species regularly engage in multiple blood feed-

ing (Amerasinghe & Amerasinghe, 1999; Anderson &

Brust, 1995; Silver, 2008a), whereas others will engage in

multiple blood feeding when their feeding is disrupted by

host behavioral defenses (Anderson & Brust, 1997;

Anderson & Roitberg, 1999; Darbro & Harrington, 2007;

Yan et al., 2021). Recent efforts have been made to incor-

porate the dynamics of multiple blood feeding into

dynamic models (Ghakanyuy et al., 2022). Multiple blood

feeding may also be more likely to occur when a mos-

quito is infected with a parasite (Koella et al., 1998). Our

sensitivity analysis indicated that biting rate is an impor-

tant determinant of the thermal response of R0.

However, our uncertainty analyses suggest that, relative

to other traits, resolving uncertainty in the thermal

response data for biting rate would not improve estimates

of R0, Topt, or the parasite population thermal niche.

The lack of knowledge of absolute mosquito density

also limits the interpretability of our results. But accurate

estimates of adult mosquito population density are diffi-

cult to obtain, leading researchers to rely instead on rela-

tive measures of mosquito abundance, such as catches

per trap night (Silver, 2008b). In addition, the common

assumption that mosquito density is independent of host

density may be unrealistic, and models can be modified

to consider when these densities covary (Romeo-Aznar

et al., 2018). Our results may be robust to a wide range of

mosquito population densities because mosquito popula-

tion density only enters into the equation of R0 in the

form of the vector-to-host ratio. A wide range of

vector-to-host ratio values was explored by varying the

vertebrate host population density. For the same reason,

the assumption of a constant immature mosquito carry-

ing capacity may not have a significant impact on our

results as in our models this quantity is proportional to

the adult mosquito abundance. A straightforward exten-

sion to this study could evaluate the effect of changing

the larval habitat availability (i.e., carrying capacity, KL

in this model) to correlate with vertebrate host popula-

tion density, which may be particularly applicable

to urban-dwelling, container-breeding mosquitoes like

Ae. aegypti.

Similarly, assumptions about how vertebrate hosts

respond to biting from mosquitoes are essential to the

models reported here. The limited evidence available sug-

gests that there can be substantial heterogeneity in biting

tolerance both within and across species and that defen-

siveness may depend on host age, size, or infection status

(Day & Edman, 1984; Edman et al., 1974; Edman &

Spielman, 1988; Read et al., 1994). We assumed that ver-

tebrate host behavioral defenses imposed an upper limit

on the contact rate experienced by vertebrate hosts that

was independent of the number of mosquitoes and their

biting rate. But persistent mosquitoes may be able to

overcome any defensive behaviors engaged in by a host,

and mosquitoes have other ways of circumventing behav-

ioral defenses such as attacking at night when hosts are

least active (Walker & Edman, 1985). On the other hand,

host defensive behaviors can increase the mortality rate

of mosquitoes (Darbro & Harrington, 2007; Kelly, 2001;

Silver, 2008a). Furthermore, host defensive behaviors

may in fact lead to increased overall contact rates due to

interrupted blood feeding (Walker & Edman, 1985). A

more realistic model of vertebrate host biting tolerance

would take into account that behavioral defenses likely

only lead to relative reductions in contact rates. Finally,

it is unclear to what extent the findings here would apply
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to other interventions that reduce the overall contact rate

of hosts with mosquitoes but not necessarily the overall

availability of hosts, such as the use of bed nets.

CONCLUSION

This study reinforces the importance of vertebrate host

traits for mosquito-borne pathogen transmission.

Incorporating vertebrate host availability (and vertebrate

host traits in general) along with more realistic contact

dynamics into our model allowed us to derive absolute

measures of sustained transmission, like the parasite pop-

ulation thermal niche, instead of solely relative ones, like

the transmission thermal optimum. Vertebrate host bit-

ing tolerance—and behavioral defenses against biting

more generally—likely play an important role in trans-

mission, determining both the temperature at which

transmission peaks and the range of temperatures at

which transmission can be sustained. Thus, increasing

our knowledge of vertebrate host behavioral defenses

against mosquito biting could improve our ability to pre-

dict which species are most likely to serve as reservoirs of

mosquito-borne parasites. Understanding what drives dif-

ferences in the relationship between the thermal proper-

ties of transmission and vertebrate host availability

among different transmission systems may best be pur-

sued by resolving uncertainty in the thermal response of

three key traits: adult mosquito lifespan, eggs per female

per day, and the probability of surviving the extrinsic

incubation period. These results are also dependent on

population density—while biting tolerance is a critical

determinant of sustained transmission for small

populations, it matters much less in highly dense

populations. This dependence suggests that in regions

where global climate change is projected to increase

mosquito-borne disease risk, small human communities

could receive disproportionate benefits from interven-

tions targeting mosquito biting compared to large

communities.
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